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Palmer MJ, Harvey J. Honeybee Kenyon cells are regulated by a tonic GABA receptor conductance. J Neurophysiol 112: 2026 -2035 . First published July 16, 2014 doi:10.1152 /jn.00180.2014 .-The higher cognitive functions of insects are dependent on their mushroom bodies (MBs), which are particularly large in social insects such as honeybees. MB Kenyon cells (KCs) receive multisensory input and are involved in associative learning and memory. In addition to receiving sensory input via excitatory nicotinic synapses, KCs receive inhibitory GABAergic input from MB feedback neurons. Cultured honeybee KCs exhibit ionotropic GABA receptor currents, but the properties of GABA-mediated inhibition in intact MBs are currently unknown. Here, using whole cell recordings from KCs in acutely isolated honeybee brain, we show that KCs exhibit a tonic current that is inhibited by picrotoxin but not by bicuculline. Bath application of GABA (5 M) and taurine (1 mM) activate a tonic current in KCs, but L-glutamate (0.1-0.5 mM) has no effect. The tonic current is strongly potentiated by the allosteric GABA A receptor modulator pentobarbital and is reduced by inhibition of Ca 2ϩ channels with Cd 2ϩ or nifedipine. Noise analysis of the GABA-evoked current gives a single-channel conductance value for the underlying receptors of 27 Ϯ 3 pS, similar to that of resistant to dieldrin (RDL) receptors. The amount of injected current required to evoke action potential firing in KCs is significantly lower in the presence of picrotoxin. KCs recorded in an intact honeybee head preparation similarly exhibit a tonic GABA receptor conductance that reduces neuronal excitability, a property that is likely to contribute to the sparse coding of sensory information in insect MBs.
honeybee; Kenyon cell; GABA receptor; tonic current HIGHER COGNITIVE PROCESSING in insects utilizes the mushroom bodies (MBs), paired neuronal structures that receive multisensory information and are involved in associative learning and memory (Heisenberg 1998; Menzel 2012) . In honeybees, each MB contains ϳ170,000 Kenyon cells (KCs; Witthöft 1967) , with the KC somata densely packed in the center of the median and lateral MB calyces. The calyceal rims contain the large dendritic arborizations of the KCs, which receive excitatory synaptic input from sensory projection neurons. KC axons project via the MB pedunculus to the ␣/␤-lobes, from where they output to multisensory extrinsic neurons (Mobbs 1982) . In addition, KCs receive GABAergic input from a small number of MB feedback neurons, each of which extensively innervates a particular subregion of both the ␣-lobe and calyceal rim (Mobbs 1982; Bicker et al. 1985; Gronenberg 1987; Rybak and Menzel 1993; Grünewald 1999a; Ganeshina and Menzel 2001) . GABAergic input to the MBs is known to contribute to the sparse coding of sensory information in KCs (Perez-Orive et al. 2002; Papadopoulou et al. 2011; Froese et al. 2013; Lei et al. 2013; Lin et al. 2014) . Sparse coding is an efficient and powerful strategy for processing sensory information in which only a small proportion of the neuronal population responds to a given stimulus, with each neuron narrowly tuned in its response selectivity. As sparse coding is also used in vertebrate cortexes, it may represent a ubiquitous strategy for higher level sensory processing (Olshausen and Field 2004) .
The vertebrate central nervous system is known to utilize different forms of ionotropic GABA receptor-mediated inhibition for different functions. In addition to phasic inhibition, characterized by rapid transient postsynaptic responses, tonic GABA receptor currents regulate synaptic integration, neuronal gain, and network excitability over longer timescales (Semyanov et al. 2004; Farrant and Nusser 2005) . Phasic inhibition and tonic inhibition are mediated by GABA A receptors containing different subunits that are localized to synaptic and extrasynaptic sites, respectively (Glykys and Mody 2007; Belelli et al. 2009 ). However, it is unknown whether insect neurons also use both phasic inhibition and tonic inhibition. The honeybee genome contains orthologs of the Drosophila GABA receptor subunit resistant to dieldrin (RDL) and the putative GABA receptor subunits GABA and glycine-like receptor of Drosophila (GRD) and ligand-gated chloride channel homologue 3 (LCCH3; Buckingham et al. 2005; Jones and Sattelle 2006) . All three subunits are expressed in honeybee brain, with RDL and LCCH3 being detected in cultured antennal lobe neurons (Dupuis et al. 2010) . GABA-evoked currents in these neurons are largely inhibited by picrotoxin (PTX) but are insensitive to bicuculline, a pharmacological profile that is consistent with the predominant expression of homomeric RDL receptors (Buckingham et al. 2005; Dupuis et al. 2010) . Similarly, cultured KCs from both honeybees and Drosophila exhibit GABA receptor currents that are inhibited by PTX but not bicuculline (Lee et al. 2003; Su and O'Dowd 2003; Grünewald and Wersing 2008) . KCs in acutely isolated cockroach brain exhibit PTX-sensitive IPSPs (Demmer and Kloppenburg 2009 ), but the properties of ionotropic GABA receptors in intact MBs and the types of inhibition that regulate KC function are currently not well understood.
To examine the endogenous GABAergic input to honeybee KCs, we have utilized a recently developed technique to make whole cell patch-clamp recordings from KCs in acutely isolated honeybee brain (Palmer et al. 2013) and extended this to an intact head preparation. We find that honeybee KCs exhibit a PTX-sensitive tonic GABA receptor conductance that modulates neuronal excitability, thus providing the first evidence that tonic inhibition serves a similar function in insect and vertebrate neurons.
METHODS
Whole cell recordings were made from KCs in acutely isolated honeybee brain as previously described (Palmer et al. 2013 ). In brief, adult worker honeybees (Apis mellifera mellifera) were anesthetized on ice and the intact brain was isolated while submerged in extracellular solution (as below). Surrounding tissue and membranes were removed by a combination of manual dissection and treatment for 10 min with papain (0.3 mg/ml), L-cysteine (1 mg/ml), collagenase (64 g/ml), and dispase (0.7 mg/ml; Husch et al. 2009 ). The removal of covering membranes was necessary to obtain successful whole cell recordings from KCs. The brain was normally hemisected to reduce animal use, transferred to the recording chamber, secured with a mesh weight, and continuously perfused with extracellular solution comprising the following (in mM): 140 NaCl, 5.0 KCl, 1.0 MgCl 2 , 2.5 CaCl 2 , 4.0 NaHCO 3 , 1.2 NaH 2 PO 4 , 6.0 HEPES, and 14 glucose, adjusted to pH 7.4 with NaOH, 326 mosM (Oleskevich 1999) .
Whole cell KC recordings were also made in an intact honeybee head preparation. Following cooling and decapitation, the piece of head capsule overlying the MB calyces was removed, leaving the rest of the head intact. The ocelli and covering membranes were removed by manual dissection and enzyme treatment as above, and the head was transferred to a custom-built recording chamber. The exposed MB calyces were perfused with extracellular solution and visualized using epi-illumination. All honeybee dissections and neuronal recordings were performed at room temperature (18 -22°C).
Whole cell voltage-clamp and current-clamp recordings were obtained from visually identified KCs. Patch pipettes (6 -8 M⍀) were pulled from borosilicate glass and filled with either K-gluconate or CsCl-based intracellular solution (K-gluc. or CsCl int. soln.) comprising the following (in mM): 110 K-gluconate, 25 HEPES, 10 KCl, 5 MgCl 2 , 3 Mg-ATP, 0.5 Na-GTP, and 0.5 EGTA, pH 7.2, 284 mosM; and 115 CsCl, 25 HEPES, 10 TEA-Cl, 3 Mg-ATP, 0.5 Na-GTP, and 0.5 EGTA, pH 7.2, 270 mosM. Membrane current (I m ) and voltage (V m ) were recorded via an EPC-10 patch-clamp amplifier controlled by Patchmaster software (HEKA). Holding potentials (V h ) and measured V m were corrected after the experiment for the liquid junction potential (13 mV with K-gluc. int. soln.; 5 mV with CsCl int. soln.). Passive membrane properties and series resistance (R s ) were measured from the capacitative current response to Ϫ10-mV, 10-ms voltage steps from V h . Recordings were not used if I m or V m changes were accompanied by changes in R s . Recorded KCs were only used for experiments if the capacitative current decayed with a double-exponential time course and the input resistance (R i ) was Ͻ3 G⍀. This type of KC recording exhibits rapidly adapting action potential (AP) firing and spontaneous membrane currents and is presumed to have intact neurites (unpublished observations).
Drugs were bath applied via the extracellular solution (flow rate ϳ2 ml/min). Transient GABA and L-glutamate-mediated responses were evoked via pressure application (10 -20 psi using a Picospritzer II) of agonist from a glass micropipette positioned 25-50 m from the recorded KC soma. Evoked currents were quantified by measurement of charge or peak amplitude.
I m variance ( 2 ) was measured by averaging the squared deviation of points from the current mean, using 10-s current traces that were well fit by a straight line. For noise analysis to estimate single-channel conductance, mean current amplitude (I) was obtained by subtracting the PTX-insensitive current component of I m . A plot of 2 against I was fit with: 2 ϭ iI Ϫ I 2 /N ϩ b, to yield estimates for i (singlechannel current), N (number of receptors), and b (background variance). Single-channel conductance (␥) was obtained from ␥ ϭ i/V, with V being the driving force for Cl Ϫ . Offline analysis was performed using IgorPro software (WaveMetrics). Pooled data are expressed as means Ϯ SE; n numbers refer to the number of tested KCs, each of which was from a different honeybee. Statistical significance was assessed using paired or unpaired Student's t-tests as appropriate, with P Ͻ 0.05 considered significant.
RESULTS
With the use of whole cell voltage-clamp recordings (Kgluc. int. soln., V h ϭ Ϫ73 mV) from visually identified KCs in acutely isolated honeybee brain, it was observed that bath application of PTX (50 M here and subsequently) caused a positive shift in the membrane current (I m ), consistent with inhibition of a tonic current. To further examine the properties of this current, recordings were made with a high intracellular Cl Ϫ concentration (CsCl int. soln., V h ϭ Ϫ65 mV) with bath-applied mecamylamine (5-10 M) to inhibit nicotinic ACh receptor currents. Under these conditions, PTX reduced I m amplitude by 28 Ϯ 4 pA (n ϭ 19; P Ͻ 0.01; Fig. 1A ) and noticeably decreased the recorded current noise. This was quantified by measuring I m variance, which PTX reduced by 10.3 Ϯ 2.3 pA 2 (n ϭ 19; P Ͻ 0.01; Fig. 1A ). These effects were associated with a 2.5-fold increase in KC input resistance from 1.07 Ϯ 0.14 to 2.65 Ϯ 0.57 G⍀ (n ϭ 15; P Ͻ 0.01). Honeybee KCs therefore exhibit a PTX-sensitive tonic current that contributes substantially to the membrane conductance. It was not possible to distinguish individual synaptic events within the tonic current noise.
PTX antagonizes ionotropic GABA receptors and glutamate-activated Cl Ϫ channels (GluCl receptors), both of which are expressed in honeybee KCs (Grünewald and Wersing 2008; El Hassani et al. 2012) . To examine the roles of these receptors, the effect of bath application of GABA and L-glutamate on KC I m was investigated. GABA (5 M) increased I m amplitude from Ϫ28 Ϯ 5 to Ϫ68 Ϯ 12 pA (n ϭ 5; P Ͻ 0.01), which was subsequently reduced to Ϫ19 Ϯ 6 pA by addition of PTX (n ϭ 5; P Ͻ 0.01; Fig. 1B ). GABA also increased I m variance from 7.2 Ϯ 1.8 to 54.3 Ϯ 12.0 pA 2 (n ϭ 5; P Ͻ 0.05), which was subsequently reduced to 1.9 Ϯ 0.2 pA 2 by PTX (n ϭ 5; P Ͻ 0.05). By contrast, L-glutamate (0.1-0.5 mM) had no significant effect on either I m amplitude or variance (n ϭ 4; Fig. 1B ). The tonic current in KCs is therefore likely to be mediated via GABA receptors rather than GluCl receptors.
Most native insect GABA receptors and homomeric RDL receptors are insensitive to the GABA A receptor antagonist bicuculline (Buckingham et al. 2005) . Consistent with this, bicuculline (10 M) did not inhibit the tonic GABA receptor current in KCs (n ϭ 4; Fig. 2A ). To obtain an estimate of the single-channel conductance of the receptors mediating the tonic current, noise analysis of current traces during GABA (5 M) wash-on was performed (Fig. 2 , B and C; see METHODS for details of analysis). Fits of the current variance/amplitude plots obtained from five KCs gave a single-channel current (i) value of Ϫ1.6 Ϯ 0.2 pA, from which single-channel conductance (␥) was calculated to be 27 Ϯ 3 pS (n ϭ 5).
Receptor properties were further investigated by local pressure application of GABA to the soma of recorded KCs. With the use of K-gluc. int. soln. (V h ϭ Ϫ73 mV), GABA application (100 M, 100 ms) evoked rapidly activating and deactivating inward currents (Fig. 3A) . GABA-evoked currents were insensitive to bicuculline (50 M; n ϭ 4) and the GABA C R antagonist TPMPA (100 M; n ϭ 4) but fully inhibited by PTX (n ϭ 4; P Ͻ 0.05; Fig. 3 , A and B). They reversed polarity at approximately Ϫ50 mV (n ϭ 4; Fig. 3C ), close to the expected Cl Ϫ equilibrium potential of Ϫ51 mV. With the use of CsCl int. soln. (V h ϭ Ϫ65 mV), local application of GABA (100 M, 100 ms/1 s) evoked very large inward currents in KCs (n ϭ 7; Fig. 3 , D and G). During prolonged (5 s) GABA application, the evoked current desensitized by 59 Ϯ 7%, with a time constant of 2.6 Ϯ 1.0 s (n ϭ 5; Fig. 3E ). Assuming linear summation of GABA receptor currents and a singlechannel current of Ϫ1.6 pA, the mean peak current evoked by GABA (100 M, 1 s) represents activation of ϳ437 receptors in the KC soma. By contrast, local pressure application of ( 2 ) vs. amplitude (I), fit to yield a value for single-channel current (i), from which single-channel conductance (␥) was calculated. *P Ͻ 0.05, statistical significance.
L-glutamate (1 mM, 100 ms) evoked much smaller, slower currents in KCs (n ϭ 4; Fig. 3, F and G) . The reversal potential of L-glutamate-evoked currents shifted from Ϫ2 mV with CsCl int. soln. (n ϭ 2) to Ϫ56 mV with K-gluc. int. soln. (n ϭ 2; data not shown), consistent with activation of GluCl receptors.
Insect GABA receptors differ from vertebrate GABA A receptors in their sensitivity to positive allosteric modulation by benzodiazepines, barbiturates, and steroids (Buckingham et al. 2005) . Homomeric RDL receptors are known to be modulated by pentobarbital, which at 1 mM does not directly activate the receptors but strongly potentiates submaximal GABA responses (Chen et al. 1994; Hosie and Sattelle 1996) . The effect of pentobarbital on the tonic current in KCs was therefore tested (CsCl int. soln., V h ϭ Ϫ65 mV). Bath application of sodium pentobarbital (1 mM) increased I m amplitude by 96 Ϯ 7 pA (n ϭ 5; P Ͻ 0.05) and increased I m variance by 13.2 Ϯ 3.4 pA 2 (n ϭ 5; P Ͻ 0.05; Fig. 4A ). The I m amplitude increase was partially reversed by addition of PTX (58 Ϯ 5% reversal; n ϭ 3; P Ͻ 0.05; Fig. 4A ). The relative increases in I m amplitude and variance induced by pentobarbital were distinct from those evoked by GABA (5 M; Fig. 4B ).
Tonic GABA receptor currents in vertebrate neurons arise from a variety of GABA sources, including spillover of synaptically released GABA, GABA released via nonvesicular mechanisms, and activation by ambient extracellular GABA (Richerson and Wu 2003; Koch and Magnusson 2009) . The dependence of the KC tonic GABA receptor current on voltage-gated Na ϩ and Ca 2ϩ channel function was therefore investigated. The voltage-gated Na ϩ channel inhibitor tetrodotoxin (200 nM) had no significant effect on the tonic current amplitude or variance (n ϭ 3; Fig. 5, A and B) . However, the nonselective Ca 2ϩ channel blocker CdCl 2 (200 M) reduced both the amplitude and variance of the PTX-sensitive component of I m by ϳ50% (n ϭ 3; P Ͻ 0.05; Fig. 5, A and B) . The properties and pharmacology of voltage-gated Ca 2ϩ channels in honeybees or other insects have not been well characterized (Skeer et al. 1996; King 2007) . Application of nifedipine (10 M), which inhibits vertebrate L-type Ca 2ϩ channels, similarly reduced the tonic current amplitude and variance by ϳ50% (n ϭ 3, P Ͻ 0.05; Fig. 5, A and B) . To confirm that this reduction in I m was due to partial inhibition of the tonic GABA receptor current, rather than inhibition of another Ca 2ϩ -dependent current in KCs, CdCl 2 (200 M) was applied following inhibition of the GABA receptor current with PTX. Under these conditions, CdCl 2 had no effect on I m (baseline Ϫ26 Ϯ 2 pA, PTX Ϫ14 Ϯ 1 pA, P Ͻ 0.05, PTX ϩ CdCl 2 Ϫ14 Ϯ 2 pA, n ϭ 4; Fig. 5A ). The tonic GABA receptor current in KCs therefore appears to be partially dependent on nifedipinesensitive Ca 2ϩ channels. As GABA receptors can also be activated by taurine (Albrecht and Schousboe 2005) , which is present at high levels in honeybee MB input tracts and KCs (Schäfer et al. 1988) , we examined whether taurine may mediate the tonic current in KCs. Bath application of 100 M taurine had no significant effect on I m , whereas 1 mM taurine significantly increased I m amplitude from Ϫ25 Ϯ 3 to Ϫ42 Ϯ 7 pA (n ϭ 4; P Ͻ 0.05) and I m variance from 7.5 Ϯ 2.6 to 30.4 Ϯ 5.9 pA 2 (n ϭ 4; P Ͻ 0.01; Fig. 6, A and C) . The I m increase evoked by taurine (1 mM) was fully reversed by addition of PTX (to Ϫ15 Ϯ 1 pA; n ϭ 3; Fig. 6A ). To investigate the role of endogenous taurine, which has been suggested to activate a tonic GABA A receptor current in rodent thalamic neurons (Jia et al. 2008) , the taurine uptake inhibitor guanidinoethylsulphonate (GES) was applied. GES (100 -200 M) caused an increase in I m variance in two of three tested KCs (Fig. 6, B and C) . However, the effects of GES should be interpreted with caution as it has also been shown to act as a direct GABA A receptor agonist (Mellor et al. 2000) . KC GABA receptors are therefore activated by a high concentration of exogenous taurine, an effect that was not observed in cultured honeybee KCs (Grünewald and Wersing 2008) . However, the lack of effect of taurine at a concentration within the expected physiological range (100 M; Albrecht and Schousboe 2005), together with the ϳ1,000-fold higher potency of GABA for activating a tonic current in KCs (Fig.  1B) , is inconsistent with taurine being the endogenous ligand.
To examine the effect of the tonic GABA receptor conductance on KC function, KCs were recorded under current clamp (K-gluc. int. soln.) at resting membrane potential (V m ), with the injection of alternating positive and negative current ramps (for 1.0 s) at 1-min intervals. Resting V m was Ϫ63 Ϯ 1 mV and the threshold for AP firing evoked by current injection was Ϫ33 Ϯ 1 mV (n ϭ 4; Fig. 7A ). Bath application of PTX (10 M) depolarized resting V m by 3.2 Ϯ 1.0 mV (n ϭ 4; P Ͻ 0.05; Fig.  7C ) and reduced the amount of positive current needed to evoke AP firing by 30 Ϯ 6% (n ϭ 4; P Ͻ 0.05; Fig. 7, A and  D) . In addition, the hyperpolarization evoked by negative current injection (Ϫ15 pA) was 5.0 Ϯ 1.0 mV larger in the presence of PTX (n ϭ 4; P Ͻ 0.05; data not shown). In one of four tested KCs, application of PTX caused spontaneous AP firing (Fig. 7B) . The tonic GABA receptor conductance in KCs therefore regulates the V m response to neuronal input and reduces KC excitability.
To determine whether the tonic GABA receptor conductance observed in KCs in acutely isolated honeybee brain is relevant to neuronal processing under more physiological conditions, we made whole cell recordings from KCs in an intact honeybee head preparation, in which a small piece of head capsule over the MBs is removed. KC recordings were made with K-gluc. int. soln., with perfusion of extracellular solution (without mecamylamine) over the exposed MBs. In KCs recorded under voltage clamp (V h ϭ Ϫ73 mV), application of PTX reduced I m amplitude by 35 Ϯ 9 pA (n ϭ 6, P Ͻ 0.05) and reduced I m variance by 6.5 Ϯ 1.8 pA 2 (n ϭ 6, P Ͻ 0.05; Fig.  8A ). KCs in the intact head preparation therefore exhibit a tonic GABA receptor current. KC recordings were also made under current clamp at resting V m with the injection of positive current ramps (for 1.0 s) at 30-s intervals. Resting V m was Ϫ58 Ϯ 1 mV (n ϭ 6) and PTX (10 M) had no significant effect on V m (n ϭ 6; Fig. 8C ). However, PTX reduced the amount of current needed to evoke AP firing by 46 Ϯ 3% (n ϭ 4; P Ͻ 0.05; Fig. 8, B and D) . In three recorded KCs, AP firing was not evoked by current injection under baseline conditions but was evoked by the same stimuli in the presence of PTX (Fig. 8, B and D) . The tonic GABA receptor conductance is therefore a significant modulator of KC excitability in intact honeybee brain.
DISCUSSION
Here we show that KCs in both acutely isolated honeybee brain and an intact head preparation exhibit a tonic GABA receptor-mediated conductance that modulates neuronal excitability. Whereas tonic inhibition has been extensively studied in vertebrate neurons (Lee and Maguire 2014) , to our knowledge this is the first evidence that insect neurons utilize a similar form of inhibition. The pharmacological properties of the tonic current in honeybee KCs are consistent with GABA receptors formed from RDL subunits, which are PTX sensitive but bicuculline insensitive (Buckingham et al. 2005) . The estimated single-channel conductance of the GABA receptors mediating the tonic current (27 pS) lies within the range of reported values for RDL receptors in expression systems (21-36 pS; Zhang et al. 1995; Grolleau and Sattelle 2000) and is very similar to that of GABA receptors in cultured Drosophila neurons (28 pS; Zhang et al. 1994) . Interestingly, it is also very similar to the single-channel conductance of GABA A receptors mediating both tonic and phasic inhibition in mature vertebrate neurons (25-28 pS; Farrant and Nusser 2005) . The tonic GABA receptor current in honeybee KCs is strongly potentiated by 1 mM pentobarbital, which has a similar effect on GABA receptor currents in dissociated locust neurons (Lees et al. 1987) . As RDL receptors are not directly activated by pentobarbital (Chen et al. 1994; Hosie and Sattelle 1996) , this result is consistent with the tonic current being mediated by receptors that are activated by GABA, as opposed to being constitutively active (McCartney et al. 2007 ).
RDL subunits have been immunolocalized to the MBs of Drosophila and cricket (Harrison et al. 1996; Strambi et al. 1998) , and homomeric RDL receptors mediate the majority of GABA-evoked currents in cultured honeybee antennal lobe neurons (Dupuis et al. 2010 ). In addition, RDL-containing receptors mediate the spontaneous GABAergic input that reduces AP firing in networks of cultured Drosophila neurons (Lee et al. 2003) . The functional diversity of insect GABA receptors may be increased by alternative splicing and/or pre-mRNA editing of the RDL subunit, which is predicted to affect GABA affinity and desensitization kinetics (Buckingham et al. 2005) . The possibility that receptors containing different RDL isoforms underlie tonic and phasic GABAergic inhibition in KCs remains to be explored. RDL subunits may also form heteromeric receptors with other GABA receptor subunits (Buckingham et al. 2005) or with GluCl␣ subunits (Ludmerer et al. 2002) , which are highly expressed in honeybee KC somata (El Hassani et al. 2012) . Considering the very small size of L-glutamate-evoked currents relative to GABAevoked currents in the present study, the identity and function of receptors containing GluCl␣ in honeybee KCs require further investigation. It is also likely that GABA B receptors contribute to MB inhibition, given the observed functional effects of modulating GABA B receptor activation in insect KCs (Demmer and Kloppenburg 2009; Froese et al. 2013; Nakamura and Yoshino 2013) . GABA-evoked currents in honeybee KCs desensitize relatively slowly, exhibiting a decay time constant of 2.6 s when stimulated with a high concentration of GABA. A slow rate of desensitization is required for tonic receptor activation and is a common property of GABA receptors mediating tonic currents in vertebrate neurons (Glykys and Mody 2007; Belelli et al. 2009 ). The magnitude of the transient current evoked by local application of GABA suggests that KCs have the capacity for substantial GABAergic input and that the tonic current represents the activation of a small proportion of KC GABA receptors. The size of the tonic current may be modulated not only by changing the number of activated receptors but also by changing their responsiveness to GABA. For example, GABAevoked currents in cultured honeybee neurons are positively regulated by intracellular Ca 2ϩ , possibly via kinase activation (Grünewald and Wersing 2008; Dupuis et al. 2010) . It is therefore possible that the reduction in the KC tonic current evoked by CdCl 2 and nifedipine results from decreased postsynaptic Ca 2ϩ influx rather than a presynaptic effect on GABA release. Insect GABA receptor subunits have multiple phosphorylation sites in the cytoplasmic loop between transmembrane domains 3 and 4 (Jones and Sattelle 2006) , which may enable activity-dependent regulation of the tonic current via changes in receptor properties or membrane expression levels.
Honeybee KCs exhibit spontaneous GABAergic input in the form of a tonic membrane current, rather than phasic inhibitory postsynaptic currents (IPSCs). The lack of detectable IPSCs is unlikely to be due to the electrical properties of the KC recordings as spontaneous nicotinic EPSCs are commonly observed (unpublished observations); however, it is possible that small amplitude IPSCs are indistinguishable within the noise associated with the tonic current. Similarly, GABAergic IPSCs are not readily observed in recordings from Drosophila KCs (Gu and O'Dowd 2006) , whereas cockroach KCs exhibit a high frequency of spontaneous IPSPs, which were suggested to suppress spontaneous KC activity and sharpen odor responses (Demmer and Kloppenburg 2009) . In vertebrate neurons, phasic inhibition and tonic inhibition differ in their activation mechanisms. Tonic inhibition can be mediated by ambient extracellular GABA or the release of nonvesicular GABA acting on extrasynaptic GABA receptors, providing distinct functional effects from inhibition mediated by synaptic GABA release (Farrant and Nusser 2005; Belelli et al. 2009 ). The tonic GABA receptor current in honeybee KCs is likely to arise, at least in part, from nonsynaptic GABA, as a component of the tonic current is independent of voltage-gated Ca 2ϩ channel activation. The relationship between tonic and phasic inhibition in KCs and their respective roles in the regulation of KC function require further experimental investigation.
Within honeybee MBs, the dendritic fields of individual KCs arborize within one calyceal subregion (lip, collar, or basal ring) and their axons project to a corresponding sublayer of the ␣-lobe (ventral, median and dorsal, respectively; Mobbs 1982; Strausfeld 2002) . These MB subregions receive and process sensory input from a specific modality (olfactory, visual, and mixed input, respectively). The MB feedback neurons consist of a group of ϳ50 GABAergic cells located in the lateral protocerebral lobe with extensive, highly branched neurites innervating specific areas of the MB ␣/␤-lobes and pedunculus and the whole of one subregion of both the medial and lateral calyces (Gronenberg 1987; Rybak and Menzel 1993; Grünewald 1999a) . Within the MB calyx, the majority of GABAergic synapses are formed with KC dendrites, but reciprocal synapses with projection neuron boutons are also found (Ganeshina and Menzel 2001) , potentially enabling modulation of inhibitory input by local microcircuits. Four subtypes of MB feedback neuron have been described in the honeybee on the basis of their morphology, at least three of which innervate corresponding ␣-lobe and calyceal subregions (Grünewald 1999a; Strausfeld 2002) . Despite their very specific MB innervation patterns, most honeybee feedback neurons respond to multisensory stimulation with an increased rate of AP firing (Gronenberg 1987; Grünewald 1999b) . In locust and Drosophila, a single GABAergic feedback neuron has been identified that similarly extensively innervates both the output and input regions of the MB, and responds to odor stimulation with graded depolarizations rather than APs (Leitch and Laurent 1996; Liu and Davis 2009; Papadopoulou et al. 2011) . Furthermore, the responses of MB feedback neurons exhibit plasticity related to associative learning (Grünewald 1999b; Liu and Davis 2009) .
GABAergic input to the MBs contributes to a marked change in the odor response profiles of neurons in the insect olfactory pathway, from dense representations in antennal lobe projection neurons to sparse coding in KCs (Perez-Orive et al. 2002; Turner et al. 2008) . Depolarization of the locust MB feedback neuron has been shown to reduce KC excitability and odor responses and consequently reduce odor responses in MB output neurons (Papadopoulou et al. 2011) . In Drosophila, downregulation of RDL receptors or of GABA synthesis in the MB feedback neuron increases the proportion of KCs responding to an odor and reduces the odor selectivity of individual neurons (Lei et al. 2013) . Furthermore, the inhibitory feedback loop in Drosophila MBs was recently shown to decorrelate KC responses to similar odors, enabling discrimination between these odors in an olfactory learning task (Lin et al. 2014) . In honeybees, in vivo Ca 2ϩ imaging of KC dendritic responses has shown that GABAergic inhibition reduces KC odor responses in a concentration-dependent manner (Froese et al. 2013) . MB feedback inhibition therefore appears to act as a gain control mechanism for KC activation, maintaining sparse coding over a wide range of input intensities (Papadopoulou et al. 2011; Lei et al. 2013) . The presence of a tonic GABA receptor current in honeybee KCs in the absence of sensory stimulation suggests that GABAergic input regulates KC excitability under basal conditions, in addition to being recruited by KC activation as a form of classical feedback inhibition. Tonic inhibition is therefore likely to contribute to sparse coding in KCs, in combination with other factors such as their intrinsic membrane properties (Perez-Orive et al. 2002; Demmer and Kloppenburg 2009 ).
In conclusion, honeybee KCs exhibit a tonic GABA receptor conductance that modulates excitability and may contribute to sparse coding of sensory information in the MBs. The tonic GABA receptor current in KCs therefore shares functional similarities with tonic GABA currents in rodent brain regions such as the hippocampus, cerebellum, and neocortex, where they act to modulate neuronal gain and network dynamics (Lee and Maguire 2014) . The relationship between the tonic GABA receptor current and phasic inhibitory currents in KCs remains to be determined, in addition to the specific subunit composition, localization, and functional properties of the GABA receptors mediating these forms of inhibition. By extending the study of endogenous inhibitory mechanisms to other honeybee brain regions and to other model organisms such as Drosophila, the wider role of tonic inhibition in sensory processing and higher cognitive function in insects may be elucidated.
